The stochastic dynamics of binary liquids with formula A x B 1ÿx , x 0-0:4 is investigated by neutron spin-echo spectroscopy. These compositions comprise samples of varying chemical connectivity, ranging from twofold-coordinated liquid Se to higher average coordinated As 2 S 3 . The parameters giving the temperature dependence of the relaxation patterns show a quasilinear dependence on the average coordination number. The results thus extend the validity of the rigidity concept into the normal liquid state and emphasize the role played by the fine details of atomic bonding on the dynamics at 10 ps-1 ns scales. DOI: 10.1103/PhysRevLett.100.245902 PACS numbers: 66.10.ÿx, 65.20.Jk, 66.25.+g, 66.70.ÿf The concept of rigidity percolation was coined some 25 years ago [1] to explain how an elastic network goes from a mobile state into a rigid domain as constraints are added to it. The development of this model was motivated by the need to understand the elastic behavior of covalent glasses such as the chalcogenide family [2] . In this class of materials, covalent central bond stretching and Keatingtype bond-angle bending forces are much stronger than those due to van der Waals or electrostatic interactions. A mean coordination number is defined as hri n A x 21 ÿ x for systems of general formula A x B 1ÿx , where A is a species with coordination number n A 4 or 3 (such as Ge or As) and B is the twofold-coordinated counterpart (Se or S). The rigidity of the glassy network is known to be dependent on hri, and the number of constraints N c acting on the atoms composing the glassy matrix is given by N c P 4 r2 n r 1=2 2r ÿ 3, where n r stands for the number of atoms with coordination r 2, 3, 4 and the last term corresponds to the angular constraints [2] .
The concept of rigidity percolation was coined some 25 years ago [1] to explain how an elastic network goes from a mobile state into a rigid domain as constraints are added to it. The development of this model was motivated by the need to understand the elastic behavior of covalent glasses such as the chalcogenide family [2] . In this class of materials, covalent central bond stretching and Keatingtype bond-angle bending forces are much stronger than those due to van der Waals or electrostatic interactions. A mean coordination number is defined as hri n A x 21 ÿ x for systems of general formula A x B 1ÿx , where A is a species with coordination number n A 4 or 3 (such as Ge or As) and B is the twofold-coordinated counterpart (Se or S). The rigidity of the glassy network is known to be dependent on hri, and the number of constraints N c acting on the atoms composing the glassy matrix is given by N c P 4 r2 n r 1=2 2r ÿ 3, where n r stands for the number of atoms with coordination r 2, 3, 4 and the last term corresponds to the angular constraints [2] .
Recent theoretical advances have been registered [3] [4] [5] [6] [7] [8] [9] , in part as a result from cross fertilization from developments within subdisciplines such as the physics of granular matter [3, 6] , and also from careful studies on simple model systems such as those composed by particles interacting via square-well potentials [8] . Particular emphasis has been put on studies on the microscopic mechanisms causing rigidity and, in fact, a good number of questions on the way force propagates in amorphous matter and how force propagation evolves towards the elastic continuum when the coordination number increases, still remain open [3] .
Some approaches establish a connection between the glassforming tendency and the connectivity of the network [9, 10] , which is grounded on the fact that flexible systems exhibit, in their glass phase, a number of low-frequency excitations called floppy modes that provide channels in the energy landscape, such that entropy and fragility of the glass depend on the connectivity of the supercooled melt. The fraction of floppy modes f is given by f 2-5hri=6 and a rigidity transition takes place for f 0, setting the critical value hr c i 2:4. Following a quite different spirit, recent developments, usually referred to as elastic models [5] , are conceptually related to the cherished free-volume theories in the sense that they assume that the activation energy for liquid flow motions is determined by a physical quantity which, in contrast with the configurational entropy, can be measured on short time scales. Furthermore, recent reports [11] have evidenced striking correlations between some elastic properties such as the Poisson ratio and the atomic packing density or the glass-network dimensionality as measured by the average coordination.
Experiments concerning the thermodynamic properties of the Se-As-Ge ternary system [12] such as the excess heat capacity and the activation energy for viscous flow have shown a clear correlation of these quantities with the bond connectivity, which evidences that the effects of rigidity can also be investigated within the liquid state. Here, we report experimental results that go one step further and clearly show a quasilinear dependence of microscopic parameters characterizing the melt dynamics on the average coordination number.
The microscopic dynamics were studied using neutron spin-echo (NSE) spectroscopy, which gives the decay of the intermediate scattering function IQ; t as a function of momentum transfer Q and time t. From such studies, relevant parameters such as the activation energy for the main structural relaxation time as well as a coefficient measuring the temperature dependence of the deviation from exponential relaxation, i.e., the stretching parameter in the Kohlrausch-Williams-Watts (KWW) function, were derived and their dependence on the average liquid connectivity as quantified by hri, explored in detail. The experiments here reported on were carried out on binary A x B 1ÿx glasses with average coordination hri in the range 2.0 -2.4. The samples were prepared by rapid quenching from the melts. The set of compositions for which clear echos could be observed within our instrumental configuration were As x Se 100ÿx with x 0, 12, and 25, Se x Ge 100ÿx with x 100, 80, and 92, and As 2 S 3 . Some samples with different compositions and larger values of hri were also explored, but did not provide data over a wide enough range of temperature.
The experiments were carried out using the neutron spin-echo spectrometer IN11 at the Institut Laue Langevin, Grenoble, using the 30 detector option IN11C. The instrument was set up using an incident wavelength 5:54
A and scattering angles between 60 and 118 . This allowed us to explore a region of momentum transfers within 1:13 Q 1:94 A ÿ1 . This range spans the region of the first diffraction peak in the average static structure factor SQ, as measured by neutron or x-ray diffraction [13] .
Because of the limitations in the available spectrometer time window (8 ps-1.4 ns) our measurements are necessarily limited to temperatures well above the liquid ! glass transitions T g . The temperature range where relaxation signals could be observed was approximately 1:2 T g 1:9.
Figure 1 displays selected NSE spectra which reveal a strong departure from the single-relaxation process expected for normal liquids. Such behavior is usually explained either by the presence of more than one relevant time scale or by the emergence of complex phenomena like those exhibited by glasses, where the relaxation times are continuously distributed according to a prescribed distribution function, yielding the well-known stretchedexponential law t / expÿt . The appearance of stretched-exponential or KWW relaxation has also been ascribed to processes arising from a wide variety of physical origins [14, 15] .
Here, we have chosen a way of fitting the spectra in terms of relaxation patterns as simple as possible consistent with parameters that have a definite physical meaning. Accordingly, all spectra were analyzed with the stretchedexponential function, SQ; t A expÿt= , where A, , and were treated as adjustable parameters that yield a statistically sound representation of the relaxation patterns involved.
A sample of the obtained results for the temperature and wave-vector dependence of the relaxation times is given in Fig. 2 . Our data display a strong dependence on wave vector which, contrary to results for other coherentscattering liquids [16, 17] which show a strong reduction of the spectral linewidth at wave vectors where SQ shows its maxima, show only a weak hint of a relaxation time peak at such wave vectors [13] . The data were found to be well described by a simple Arrhenius temperature dependence given by Q; T 0 Q expE a =k B T, where 0 and E a are the prefactor and activation energy, respectively, associated with liquid flow motions and k B is the Boltzmann constant. The simple Arrhenius description was chosen here as the measurements were taken at temperatures far away from the Kauzmann temperature, where relaxation times should finally diverge. We also fitted the data with Adam-Gibbs and VFT type equations, but the quality of the fit was only slightly improved ( 2 reduced by less than 15%) given the activation energies within error bars for reasonable assumptions of the Kauzmann temperature.
The data for As 25 Se 75 show a much steeper temperature dependence than those for Se and Se 92 Ge 08 : the latter show relaxation times that vary by about 4 orders of magnitude within some 200 K while the former display a variation of about 6 orders of magnitude within a range of about 320 K. This result provides direct evidence of the remarkable dependence of thermal activation characteristics for particle diffusion on the average connectivity in the liquid, since the Se-Ge samples have an average coordination number hri 2 and 2.15, respectively, compared with hri 2:25 for the As-Se samples.
Statistically sound estimates for 0 were not obtained due to the scatter in the fitted data. The activation energies E a , however, are less affected by statistical errors and are shown in Fig. 3 . The plot shows a quasilinear dependence of the activation energy on hri. Interestingly, the data for E a 
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week ending 20 JUNE 2008 show a dependence on the average coordination number that is rather similar to the coordination number dependence of the glass-transition temperatures, as shown in the inset to Fig. 3 . The temperature dependence of the stretching parameter was also analyzed. Statistically significant results were found in the high-temperature region, where increased up to a value of 1 at high temperatures. An example of the quality of the derived data can be gauged from inspection of the inset of Fig. 4 . There it is seen that both the values of the stretching parameter as well as their temperature dependences are significantly composition dependent and thus the value of the parameter is linked to the network connectivity. The temperature dependence was found to follow an exponential law
where the angular brackets stand for an average over the explored wave-vector range. The parameter C , characterizing the strength of the temperature dependence of , is shown in Fig. 4 , again displaying a quasilinear dependence on hri.
The results shown in Fig. 4 show that, following some predictions [14] , the deviation from exponential relaxation ( 1) depends on the connectivity of the liquid. Moreover, decreases with increasing hri which is understood within the ''elastic model'' [18, 19] in terms of an increased range of elastic interactions between local relaxation events. Such a range is defined in terms of a length L c s , where c s stands for the sound velocity. The latter expression semiquantitatively accounts for the current findings, as can be inferred from data displayed in Fig. 2 which shows that increases with hri and also from Fig. 3 which shows that the activation energy also increases with hri.
Our results thus extend into the stable liquid realm the validity of the relation between the low-frequency dynamics of covalent glasses-and thus the excess in configurational entropy-to the network connectivity as measured by the average coordination number [7, 20] . They lend support to recent phenomenological treatments [20] that predict an explicit dependence of the energy term entering the VFT equation on the quantity 7 ÿ 5hri=2 ÿ1 , making it to increase almost linearly as the coordination number increases. The current data also show common trends with those found for glasses using microscopic probes such as neutron [21] or Mössbauer [22] spectroscopies, where the inverse of the first and second spectral moments, which basically provide a measure of the dominance of low-frequency or floppy modes, show a smooth decrease with increasing coordination up to hri 2:4, where an illdefined threshold is reported. The quasilinear dependence of the activation energy E a upon hri is to be compared with activation energy data for the viscosity [12] or macroscopic stress relaxation [23] on a ternary Ge-As-Se mixture close to the glass-transition range which show a broad minimum about hri 2:4. The appearance of such a minimum is, however, largely governed by the strong decrease exhibited by the thermal expansivity [12, 24] up to the same value as well as by its further increase beyond such value.
Even more remarkable than the activation energy per se, is the finding of the dependence with connectivity of the Kohlrausch fractional exponent as well as its temperature coefficient. Such a parameter is seen to decrease with increasing hri which again contrasts with results referred to above [23] , which show that increases with average coordination up to hri 2:3. Our findings come, however, into line with predictions which tell that the relaxation times and are uniquely related [19] , and, in fact, analysis of some of the available data suggests that log is a linear function of ÿ1 . The current findings show that the microscopic relaxation time and the activation energy increase with hri, a fact that is easily understandable from basic physical arguments [9] . Concomitant with such an increase here we found a decrease of which is understood as arising from an increase of the temperaturedependent contribution to the activation barrier.
The present results thus lend important support to some recent predictions cast within the elastic model for glasses [5, 19] which show that nonexponentiality is the result of some sort of cooperativity of relaxation that kicks in on lowering the temperature [18] by means of a feed-forward interaction between local relaxation events which a system uses to relax stress locally.
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FIG. 4 (color online).
Compositional dependence of the parameter C characterizing the strength of the temperature dependence of . The inset displays the temperature dependence of data pertaining to several different compositions.
